Xenotransplantation of pig organs into human is regarded as an attractive strategy to meet the increasing organ demand for human transplantation \[[@B1]-[@B4]\]. However, in discordant species combinations, vascularized organ xenografts are engorged and discolored with loss of function within minutes to hours after transplantation. This type of rejection is called hyper-acute rejection (HAR) and has long been considered the primary barrier to xenotransplantation.

The endothelium is the major target in HAR. Nontranscriptional (type I) endothelial cell (EC) activation occurs upon antibody binding \[[@B5]\]. This activation is rapid and leads to EC retraction, expression of P-selectin (CD62P), secretion of platelet activating factor (PAF), and loss of the antithrombotic phenotype \[[@B5],[@B6]\]. The observed EC retraction may be caused by rapid redistribution of platelet/endothelial cell adhesion molecule (PECAM-1/CD31) away from cell junctions because of α-Gal cross-linking \[[@B7]\]. If HAR is prevented, the vascularized grafts are generally lost due to acute vascular rejection (AVR) characterized by type II (transcriptional) EC activation, thrombosis with fibrin deposition, and cellular infiltration dominated by monocyte/macrophages, natural killer (NK) cells, and neutrophils. Neutrophils are the most abundant leukocyte circulating in the body, representing 50-70% of the total number of leukocytes, and are implicated in both HAR and AVR of xenografts \[[@B8],[@B9]\]. However, the exact role of leukocytes in xenograft rejection has not yet been established. One of approach to inhibit AVR is to target glycosphingolipids, specifically gangliosides. Gangliosides are localized on the plasma membrane and have previously been shown to modulate epithelial cell immunosuppressive activity \[[@B10]-[@B12]\].

In this study, we investigated the regulatory roles of human leukocytes in the expression of gangliosides in primary cultures of micro-pig aortic endothelial cells (PAECs) using high-performance thin layer chromatography (HPTLC) and immunocytochemistry analyses.

Materials and Methods
=====================

Antibodies
----------

Monoclonal antibodies (mAbs) specific for gangliosides GM3, GM2, GM1, GD3, GD1a, GD1b, GT1b and GQ1b (Seikagaku Co., Tokyo, Japan) were used in an initial screen of ganglioside expression in this study. PAECs were appreciably positive for the MAbs GMR6, GMB16, and GMR19, which correspond to gangliosides GM3, GM1, and GD3, respectively. Therefore, these 3 MAbs were used in further experiments. The production and characterization of these MAbs have previously been described \[[@B13]-[@B16]\].

Glycolipid extraction and purification
--------------------------------------

The methods used to extract and purify gangliosides have been previously described \[[@B17]\]. Briefly, the cells were homogenized in distilled water at 48℃ to extract total lipids, which were resuspended in chloroform/methanol (1:1, v/v), then lyophilized using N~2~ gas, and subsequently dissolved in chloroform/methanol/H~2~O (15:30:4, v/v/v). The dissolved total lipid samples were then applied to a DEAE Sephadex A25 column (Sigma, St. Louis, MO, USA). The column was subsequently washed to remove neutral lipids with chloroform/methanol/H~2~O (15:30:4, v/v/v), and acidic lipids were then eluted by adding chloroform/methanol/sodium acetate (15:30:4, v/v/v). The eluted samples were dried at 30℃ under N~2~ for 5 h, after which they were dissolved in chloroform/methanol (1:1, v/v) and alkalized in 12 N ammonium hydroxide. Next, the acidic lipid samples dissolved in chloroform/methanol (1:1, v/v) were applied to a Sep-Pak C18 cartridge column (Water, Ireland). The column was washed with H~2~O to remove non-hydrophobic species of lipids. Finally, the gangliosides were eluted with methanol, dried at 30℃ under N~2~ for 3 h, and stored at -80℃ until analysis.

High-performance thin layer chromatography
------------------------------------------

HPTLC analysis of the gangliosides was conducted using a 10×10 cm thin-layer chromatography (TLC) 5651 plate (Merck, Darmstadt, Germany) as described in a previous study \[[@B15]\]. The purified gangliosides (600 µg protein/lane) were loaded onto TLC 5651 plates that were subsequently developed in chloroform/methanol/0.25% CaCl~2~ · H~2~O (50:40:10, v/v/v). The gangliosides were then stained with resorcinol, after which the densities of the ganglioside bands were quantified by HPTLC densitometry (Beta 4.0.3 from Scion Image, Frederick, MD, USA). The mixture of purified gangliosides GM3, GM2, GM1, GD3, GD1a, and GD1b (Matreya LLC, Pleasant Gap, PA, USA) were used as standards.

Animals
-------

Tissues of SPF micro-pigs® used in this experiment were obtained from the Medi Kinetics Co (Pyongtaek, Korea). All animal experiments were conducted according to Standard Operation Procedures and were approved by the Institutional Animal Care and Use Committee of Wonkwang University, Korea (Approval No. WKU-IACUC: 11-14).

Tissue preparation for histopathology
-------------------------------------

Fresh aortae were removed from the heart within 1 h of sacrifice and gently rinsed with sterile phosphate-buffered saline (PBS) after removing the connective and adipose tissue around the aorta. Aortae were fixed in buffered formalin (0.1 M sodium phosphate, 10% formalin, pH 7.4) for 24 h at 40℃. After an overnight rinse in 0.1 M sodium phosphate (pH 7.4) at 40℃, the aortae were dehydrated with graded ethanol and embedded in paraffin. Paraffin sections (4 µm thickness) were cut, deparaffinized with xylene, and rinsed thoroughly with absolute ethanol. Paraffin-embedded sections of the micro-pig aorta were stained with hematoxylin and eosin for histopathological evaluation.

Tissue staining and immunofluorescence microscopy
-------------------------------------------------

The expression of gangliosides in the micro-pig aorta was determined by indirect immunofluorescence microscopy of frozen sections. Serial sections (4 µm thickness) cut with a cryostat microtome were thaw-mounted on albumin-coated glass slides. The mounted sections were then air-dried for 2 h, after which they were fixed with acetone at -20℃ for 5 min \[[@B17]\]. Sections were washed twice with PBS for 10 min and then incubated with 5% bovine serum albumin (BSA, Sigma, St. Louis, MO, USA) in PBS for 15 min at room temperature. Next, the sections were incubated with a mouse mAb against a specific ganglioside (GM3, GM2, GM1, GD3, GD1a, GD1b, GT1b and GQ1b; Seikagaku Co., Tokyo, Japan) diluted in PBS containing 5% BSA overnight at 4℃. They were then washed with cold PBS 4 times, after which they were incubated with fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse IgM antibody (Sigma, St. Louis, MO, USA) diluted to 1:500 in PBS for 1 h, and then washed with PBS 5 times. To identify the nuclei, 1 µL/mL of a DNA-specific fluorescent dye (Hoechst 33342, Sigma) was added. The sections were sealed with a coverslip and observed under a fluorescence microscope (Model FV300, Olympus, Tokyo, Japan).

Endothelial cell culture and Incubation
---------------------------------------

Primary cultures of PAECs were prepared using a modification of the method of Ohbayashi et al. \[[@B18]\]. The aorta was washed in Dulbecco\'s PBS (DPBS, Invitrogen, Carlsbad, CA) containing 1% antibiotic-antimycotic (GIBCO, Carlsbad, CA). After removing the connective and adipose tissue, the aorta was cut into 5- to 6-cm-long pieces that were opened longitudinally and laid endothelium side down onto tissue culture dishes coated with 130 U/mL collagenase (collagenase type I; Sigma, St. Louis, MO, USA) in DPBS for 20 min at 37℃. At the end of the incubation, the luminal surfaces of the tissue fragments were rinsed with 40 mL of Medium 199 (Sigma, St. Louis, MO, USA) containing 10% FBS (GIBCO, Carlsbad, CA). The cells were then centrifuged (200×*g* for 10 min). The cell pellet was resuspended in Medium 199 supplemented with 4500 mg/L glucose, [L]{.smallcaps}-glutamine, and sodium pyruvate (Sigma, St. Louis, MO, USA), 2.2 g/L sodium bicarbonate (Sigma, St. Louis, MO, USA), 1% antibiotic-antimycotic (GIBCO, Carlsbad, CA), and 10% FBS (GIBCO, Carlsbad, CA) and plated into 6-well tissue culture plates coated with 0.2% porcine gelatin (Sigma, St. Louis, MO, USA). Cultures were grown at 37℃ in 5% CO~2~/95% air. Confluent PAECs were routinely used for experiments between the first and fifth passage. Cultured cells were identified as endothelial by their morphology, and the presence of CD106 (anti-porcine E-selectin, Antigenix America Inc., Melville, NY, USA) and CD62E (anti-porcine VCAM-1; Vascular cell adhesion molecule-1, Antigenix America Inc.) evaluated by fluorescence microscope \[[@B19]\].

Peripheral blood mononuclear cells (PBMCs) isolation
----------------------------------------------------

PBMCs were prepared from human fresh venous blood collected from healthy volunteers. After proper dilution in PBS containing 5% FBS and 2 mmol/L ethylenediaminetetraacetic acid (EDTA, Sigma, St. Louis, MO, USA), the blood was separated using Ficoll-Paque™ PLUS (GE Healthcare, Buckinghamshire, UK) gradient centrifugation. The leukocyte-containing buffy-coat interfaces were collected, washed twice with the above dilute solution, and finally resuspended in culture medium. The viability of isolated PBMCs always exceeded 95% as detected by trypan blue exclusion \[[@B20]\].

Cell staining and Immunofluorescence microscopy
-----------------------------------------------

Cells were washed twice with PBS for 10 min, permeabilized with 0.25% Triton X-100 (Sigma, St. Louis, MO, USA) for 10 min at 37℃, and finally fixed in 4% paraformaldehyde in PBS for 30 min at room temperature. The samples were then incubated with 5% BSA in PBS for 15 min at room temperature, washed twice with PBS, and then incubated with mouse mAb diluted in PBS containing 5% BSA overnight at 4℃. Next, the samples were washed with cold PBS 4 times, incubated with FITC-conjugated goat anti-mouse IgM antibody (Sigma, St. Louis, MO, USA) diluted in PBS to 1:500 for 1 h, and then washed 5 times with PBS. To identify nuclei, 1 µL/mL of Hoechst 33342 (Sigma, St. Louis, MO, USA) was added. The sections were sealed with a coverslip and observed under a confocal scanning laser fluorescence microscope.

Statistical analysis
--------------------

All data are expressed as the mean±SD. Statistical differences were determined using the Student\'s unpaired *t*-test. Differences were considered significant at *P*\<0.001.

Results
=======

Paraffin sections and hematoxylin & eosin staining
--------------------------------------------------

Histological analysis of the aorta, conducted using hematoxylin and eosin staining of micro-pig aorta sections (4 µm thickness), clearly revealed the endothelium, tunica media, and tunica adventitia ([supplement 1](#F5){ref-type="fig"}).

Immunofluorescence staining of micro-pig aorta sections
-------------------------------------------------------

Nuclear staining and confocal scanning laser fluorescence microscopy showed the expression patterns and localization of gangliosides in the micro-pig aorta. Micro-pig aortae stained with Hoechst 33342 to detect DNA and 8 MAbs specific for GM3, GM2, GM1, GD3, GD1a, GD1b, GT1b, and GQ1b were screened. The results suggest that GM3, GM1, and GD3, which correspond to the antibodies GMR6, GMB16, and GMR19, are the major gangliosides in the micro-pig aortal endothelium ([Figure 1](#F1){ref-type="fig"}).

Characterization and GIEMSA staining of PAECs
---------------------------------------------

PAECs were isolated from micro-pig aortae by digestion with collagenase type I and used for primary culture. Isolated PAECs were identified as endothelial based on their morphology on GIEMSA staining ([Figure 2A](#F2){ref-type="fig"}), and the presence of E-selectin/CD106 (FITC; green) and VCAM-1/CD62E (phycoerythrin; red), which are well known endothelial cell markers. The cells were also stained with Hoechst 33342 to detect DNA ([Figure 2B](#F2){ref-type="fig"}).

High-performance thin layer chromatography of PAECs
---------------------------------------------------

HPTLC analysis was conducted to analyze the expression of gangliosides in PAECs incubated for 5 h with 10% FBS, 10% FBS containing human leukocytes, 10% human serum containing human leukocytes, and 10% FBS containing TNF-α (10 ng/mL). The gangliosides GM3, GM1, and GD3 were readily detected in PAECs as in micro-pig aortal endothelium. However, the relative thicknesses of the bands corresponding to gangliosides obtained from PAECs cultured with 10% FBS containing human leukocytes, 10% human serum containing human leukocytes, and 10% FBS containing TNF-α (10 ng/mL) revealed that their expression differed from that seen upon culture with 10% FBS alone. As shown in [Figure 3A](#F3){ref-type="fig"}, the expression of the gangliosides GM3 and GD3 was unchanged by the presence of human leukocytes or TNF-α, but ganglioside GM1 expression was obviously lower in PAECs incubated with 10% FBS containing human leukocytes, 10% human serum containing human leukocytes, and 10% FBS containing TNF-α (10 ng/mL). Taken together, these results suggest that human leukocytes induced expressional pattern changes in the ganglioside GM1 similar to those seen upon treatment of PAECs with TNF-α. The relative amounts of ganglioside expression in PAECs were measured by densitometry, as shown in [Figure 3B](#F3){ref-type="fig"}.

Immunofluorescence staining of PAECs
------------------------------------

Using immunohistochemical staining methods, the expressional patterns and localization of gangliosides in PAECs were investigated. Three MAbs, GMR6, GMB16, and GMR19, specific for gangliosides GM3, GM1, and GD3, respectively, were appreciably reactive in PAECs that were also stained with Hoechst 33342 to detect DNA ([Figure 4A](#F4){ref-type="fig"}). However ganglioside GM1 expression was obviously lower in PAECs incubated with 10% FBS containing human leukocytes, 10% human serum containing human leukocytes, and 10% FBS containing TNF-α (10 ng/mL) ([Figure 4B](#F4){ref-type="fig"}). These results are in accordance with the HPTLC findings ([Figure 3A and B](#F3){ref-type="fig"}).

Discussion
==========

The endothelium is the first site of contact between a vascularized xenograft and the recipient\'s immune system. Gangliosides are ubiquitous components of the membranes of mammalian cells, and are thought to have roles in cell proliferation, adhesion, migration, differentiation, survival, and immunosuppressive activity \[[@B10],[@B11],[@B21]-[@B31]\] however, their role in the immune rejection response to xenotransplantation is not understood.

Morigi et al. showed that xenogeneic serum is a potent promoter of leukocyte adhesion and transmigration in porcine aortic endothelial cells under flow, and that complement deposited on porcine endothelium is responsible for the early adhesion and transmigration of leukocytes. They went on to demonstrate that these adhesive events are later regulated by endothelial activation of NF-κB dependent genes, and that TNF-α is one of the most potent inducers of endothelial cell adhesive properties \[[@B32]\].

Therefore, we studied the role of human leukocytes in the regulation of ganglioside expression in PAECs, as an *in vitro* model of a vascular xenograft. Hematoxylin and eosin staining of micro-pig aorta sections clearly showed the endothelium, tunica media and tunica adventitia ([Supplement 1](#F5){ref-type="fig"}), and revealed that the gangliosides GM3, GM1 and GD3, which correspond to the mAbs GMR6, GMB16, and GMR19, are the major gnagliosides in micro-pig aortal endothelium ([Figure 1](#F1){ref-type="fig"}). To determine the impact of human leukocytes on ganglioside expression in PAECs, these cells were isolated from micro-pig aortae ([Figure 2](#F2){ref-type="fig"}). Isolated PAECs were identified as endothelial based on their morphology and the expression of VCAM-1/CD106 or E-selectin/CD62E, well-established endothelial cell markers ([Figure 2B](#F2){ref-type="fig"}). Subsequent HPTLC analysis provided a profile of the gangliosides present in porcine aortic endothelium, which was appreciably reactive to the MAbs GMR6, GMB16, and GMR19, which correspond to gangliosides GM3, GM1, and GD3, respectively ([Figure 3A](#F3){ref-type="fig"}). Finally to determine whether human leukocytes have an impact on the expression profiles of gangliosides in PAECs, we performed HPTLC in PAECs incubated for 5 h with 10% FBS, 10% FBS containing human leukocytes, 10% human serum containing human leukocytes, and 10% FBS containing TNF-α (10 ng/mL). Both HPTLC and immunohistochemistry analyses revealed that the expression of ganglioside GM1 was significantly lower in PAECs incubated for 5 h with 10% FBS containing human leukocytes, 10% human serum containing human leukocytes, and 10% FBS containing TNF-α (10 ng/mL) ([Figure 3](#F3){ref-type="fig"} and [4B](#F4){ref-type="fig"}).

Taken together, these results suggest that human leukocytes induce changes in the expression pattern of ganglioside GM1, similar to those seen upon treatment of PAECs with TNF-α. These findings may be relevant for designing future therapeutic strategies intended to prolong xenograft survival.
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![Immunofluorescence staining of micro-pig aorta sections. Sections were immunostained with GMR6 (anti-GM3 MAb), GMB28 (anti-GM2 MAb), GMB16 (anti-GM1 MAb), GMR19 (anti-GD3 MAb), GMR17 (anti-GD1a MAb), GGR12 (anti-GD1b MAb), GMR5 (anti-GT1b MAb), GMR13 (anti-GQ1b MAb), and fluorescein isothiocyanate (FITC)-labeled goat anti-mouse IgM antibody, and then stained with Hoechst 33342 for DNA. The bar represents 50 µm.](lar-28-255-g001){#F1}

![Characterization and GIEMSA staining of micro-pig aortic endothelial cells. Isolated micro-pig aortic endothelial cells (PAECs) were identified as endothelial cells (A) based on their morphology after Giemsa staining, and (B) by the presence of E-selectin/CD106 and VCAM-1/CD62E, well-known endothelial cell markers. The bar represents 50 µm.](lar-28-255-g002){#F2}

![High-performance thin layer chromatography and quantitative analysis of ganglioside expression in micro-pig aortic endothelial cells. (A) Gangliosides isolated from micro-pig aortic endothelial cells (PAECs) were separated by high-performance thin layer chromatography (HPTLC) silica gel plates using chloroform:methanol:0.25% CaCl~2~ (50:40:10, v/v/v), and gangliosides were visualized using resorcinol solution. Lane 1 (M1) and 2 (M2), ganglioside standard markers; lane 3, 10% FBS; lane 4, 10% FBS containing human leukocytes; lane 5, 10% human serum containing human leukocytes; lane 6, 10% FBS containing TNF-α (10 ng/mL). The results are representative of at least 3 independent experiments. (B) Quantitative analysis of ganglioside expression was performed using with the Beta 4.0.3 densitometry program (Scion Image, Frederick, MD, USA). Data are expressed as mean±SD; n=3; ^\*\*\*^*P*\<0.001.](lar-28-255-g003){#F3}

![Immunofluorescence staining of micro-pig aortic endothelial cells. (A) Normal PAECs were immunostained with GMR6 (anti-GM3 MAb), GMB16 (anti-GM1 MAb), GMR19 (anti-GD3 MAb), and FITC-labeled goat anti-mouse IgM antibody and then stained with Hoechst 33342 to detect DNA. (B) Normal PAECs and PAECs-incubated with FBS containing human leukocytes, with leukocyte-containing 10% human serum, or with FBS containing TNF-α (10 ng/mL) were immunostained with GMB16 (anti-GM1 MAb), and FITC-labeled goat anti-mouse IgM antibody, and then stained with Hoechst 33342 to detect DNA. The bar represents 50 µm.](lar-28-255-g004){#F4}

![Paraffin section and hematoxylin and eosin staining. A vertical section (4 µm thickness) of micro-pig aorta was stained with hematoxylin and eosin to reveal the presence of the endothelium, tunica media, and tunica adventitia. The bar represents 100 µm.](lar-28-255-g005){#F5}
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